INTRODUCTION
Together with advances in germplasm and cultivation measures, the environment plays an important role in grain quality improvement of maize(Zea mays L.). In concert with ambient temperature, available water resources, and soil nutrients, ambient light is also an important factor impacting the growth and development of plants; sunlight absorbed by plants is used as an energy source in the photosynthetic pathway (Cui et al., 2015) . In this process, ATP and NADPH are produced using light energy in the light reaction, followed by the conversion of carbon into carbohydrates and oxygen in the light-independent reaction (Dai et al., 2009 ). The grain yield of a corn plant is the result of the number of grains multiplied by the grain weight on each corn ear, which is dependent on the capacity of the plant's leaves (the source tissues) to generate photoassimilates, and that of the grain kernels (the sink tissues) to convert those photoassimilates into grain yield (Zhang et al., 2001; Tuncel and Okita, 2013) . As a result, a plant's capacity to produce photoassimilates (sources) is a significant element limiting grain production (Miralle and Slafer, 2007) . Unfortunately, climate change is an indisputable fact, caused by the increase in density of population, haze, and atmospheric pollution, and as a result dimming or low light intensity are the main challenges to productivity of crops in many countries (Mu et al., 2010) . Global radiation has been reduced by 1.4-2.7% per decade between 25°N and 45°N (Forster and Ramaswamy, 2007; Ramanathan and Feng, 2009) . In China, the period of productive radiation reduced by 1.28% per decade between 1960 and 2000 (Che et al., 2005) . Taking Shenyang City in Liaoning Province (location of our experimental plots) as an example, the annual average duration of sunlight was 195 h less than that over the years 1996 to 2005, which in turn was lessened by 179 h compared with the years 1986 and 1995, because there was an increase in the number of rainy and cloudy days (Shenyang municipal bureau of meteorology, 2013). Liaoning Province in northeast China is a major production region for maize, where the continuous rainy season often coincides with the maize reproductive stage. Only if the duration of solar radiation exceeds 600 h through the summer maize-growing period, can the maize achieve a high yield (Cui et al., 2015) . A decrease of 1 kJ cm -2 in sun radiation through the maizegrowing stage will lead to a decrease of 338 kg ha -1 in crop biomass (Wu, 1991) .
Most studies to date have used shading to investigate the effects of low intensity light on crop growth and development (Xu et al., 2013; Cui et al., 2015) . Many studies have shown that shade treatment not only reduces the intensity of light but also increases the diffuse light proportion (Gu et al., 2002; Greenwald et al., 2006) and changes the light spectral quality (Bell et al., 2000) . However, diffuse light can be more efficiently absorbed by a crop, and can compensate for reductions in direct light, and ultimately, reinforce crop leaf CO 2 assimilation and photoassimilation (Cohan et al., 2002) . In addition, under shaded conditions, the proportions of the spectrum are altered, with an increase in blue light and a reduction in red light content (Bell et al., 2000) , all factors which influence the growth and development of plants (Casal, 1988; Barnes and Bugbee, 1992; Furuya et al., 1997) .
The main effect of shade treatment in the crop growth environment is to reduce the intensity of the incident light (Chan and Mackenzie, 1972) . This change results in variations in plant morphology, plant physiology, crop biomass, crop grain yield, and crop quality (Early et al., 1967; Vityakon et al., 1993; Li et al., 2010; Mu et al., 2010; Wang et al., 2013) . Levels of the crucial photosynthetic pigments, Chl a and Chl b, decrease in leaves under shading, and it is likely that there are fewer mesophyll cells per unit leaf area under shade conditions (Senevirathna et al., 2003) . The photosynthesis, photochemical efficiency, and nonphotochemical quenching of plants are also decreased by shading (Dai et al., 2009; Mu et al., 2010) , and consequently, the dry matter accumulation of plants is reduced and the reallocation of photoassimilates is disturbed (Vityakon et al., 1993; Acreche et al., 2009) . Eventually, flowering is delayed, grain yield is reduced, and in addition quality is changed as a result of shading (Mu et al., 2010; Cai, 2011; Wang et al., 2013; Liu et al., 2015) .
To date, most studies have focused on the effects of low solar radiation on crop growth and development. However, there have been few reports on the differences among cultivars in their sensitivity to low light intensity. Further, the impact of low light intensity on photosynthetic characteristics, barren stalk, and the relationships between the two has not been documented in leaves of maize. Barren stalk in our study refers to the complete lack of maize ear organs; not only are there no flowers, but even the maize ear initials in the maize plantare lacking (Kanellis et al., 1999) . Zhong et al. (2014) demonstrated that low light intensity would cause barren stalk in different varieties and showed that differences among varieties were obvious. Past studies on photosynthesis were mainly conducted on different genotype cultivars. However the complexity of genetic backgrounds of cultivars used in the research into photosynthesis has led to some inaccuracies in the further study of the pivotal regulatory process and the precise reaction site of photosynthesis in maize.
To address this issue, our experiment was carried out in one field with two maize near-isogenic lines (NILs) (SN98A and SN98B) with significant differences in barren stalk formation, to explore the relationship between photosynthetic characteristics and maize ear development. In previous studies carried out by our team, in which the impacts of shade treatments implemented at different growth stages and the levels of shading in SN98A and SN98B were studied, we demonstrated that shading reducing light intensity to 60% of ambient sunlight, applied 10 d before tasseling to the end of silking, resulted in barren stalk (Zhong, 2014) . The chief purposes of this article were: (1) to assess the effect of low light intensity on chlorophyll content, chlorophyll fluorescence characteristics, and photosynthetic characteristics of the two maize lines; (2) to compare the differences in the responses of the two maize lines to low light intensity; and (3) to choose some shade-tolerance indexes for maize production. Furthermore, our findings regarding improvements to maize cultivars under adverse abiotic conditions will provide valuable information to maize breeders.
MATERIALS AND METHODS

Field design
The field experiment was conducted in 2015 at the Experimental Station of Shengyang Agricultural University, Shengyang (41°49′N, 123°34′E), Liaoning Province, PR China, which has a typical semi-humid temperate continental monsoon climate. The region displays a mean annual temperature of 8°C with precipitation of 628 mm, average light intensity of 793 μmolm -2 s -1 from May to September and a frost-free period of about 150-170 d. The accumulated temperature of periods above 10°C is 3300-3400°C. The annual rainfall tends to occur over a short period while the air temperature is very variable (Sui et al., 2016) . Assessment of the basic properties of the soil showed that it contained 25.5 g kg -1 organic matter, 2.42 g kg -1 total N, 105.6 mg kg -1 available N, 12.9 mg kg -1 available P and 100.4 mg kg -1 available K. In this study, we used two maize near-isogenic lines (Shennong 98A and Shennong 98B) with significant differences in response to weak light . Shennong 98A (SN98A, shading sensitive) and Shennong 98B (SN98B, shading tolerant) were a pair of near-isogenic lines (NILs) isolated from a high-generation hybrid combination. With shading of 40% of the full radiation from 10 d before tasseling, the ears of SN98A developed abnormally, developing severe barren stalk, but the ears of SN98B developed normally, as expected based on the results of a previous field-based investigation (Zhong, 2014 The experiment was a split-plot design with light intensities as the main plot and maize cultivar as subplot. Every experimental plot was 60 m 2 (5×12 m) in size and consisted of twenty rows of maize spaced 0.6 m apart. To provide low light intensity treatment, the top of the maize canopy was covered with one layer of black net screensto provide shading (S) starting from 10 d before tasseling to 25 dafter starting treatment, a period designated as 'days after shading' (DAS). The screens blocked about 40% of the ambient sunlight above the canopy. Ambient sunlight treatment was set as the control (L). A distance of 1 m between the black net screens and the top of the maize canopy was maintained to keep the microclimate under the screens consistent with the control (Fig. 1A) .
Meteorological measurements
Irradiance was measured with an AccuPAR model LP-80 plant canopy analyzer (LI-COR Biosciences Inc., Lincoln, NE, USA) more than 30 cm above the maize canopy. Maize population CO 2 concentration and relative humidity were measured with a portable open photosynthesis system (LI-6400XT; LI-CORBiosciences Inc.) and air temperature with a normal thermometer at mid-plant height before the tasseling stage and at ear height after the tasseling stage. Wind speed was measured with an AR816 anemometer (Huier Analytical Instrument Company, Hangzhou, China). All measurements were taken daily at 11:00 a.m. for 5 days after shading, and means were calculated (Table 1) .
Sampling and measurements
Growth and development process
The progress of maize growth was investigated daily from sowing to maturity. The stages of growth and development were recorded (based on 50% of all plants in the plot attaining the growth stage) in detail at 10:00 a.m. each day.
Pollen-shedding duration
Ten plants in each plot which exhibited uniformity in size and developmental stage were labeled and used to quantify the duration of powder from the start to the end.
Chlorophyll content
Samples were collected at 10, 15, 20, and 25 DAS. Leaves (0.2 g) from each plot were sampled, the midrib was removed, then the leaf tissue was sliced and incubated with 25 mL of extraction solution containing equal volumes of acetone and anhydrous ethanol. After complete extraction in the dark at room temperature, the homogenate was centrifuged at 14,000 ×g for 30 min at 25°C, and the supernatant was used for determination of Chl content using a Shimadzudouble beam double monochromator UV-visible spectrophotometer (UV-2550, Shimadzu Corporation, Kyoto, Japan) at 663 nm and 647 nm. The concentration of Chl was colorimetrically analyzed according to the method of Arnon (1949) .
Photosynthetic parameters and chlorophyll fluorescence P n , stomatal conductance (Gs), and intercellular CO 2 concentration (Ci) of the ear leaves were measured with an LI-6400XT Portable Open Photosynthesis System (LI-COR) from 10:00 to 11:30 a.m. at 10, 15, 20, and 25 DAS. The chamber was equipped with a red/blue LED light source. The photosynthetically-active radiation (PAR) was set at 1,200 μmolm ) to measure the minimum fluorescence yield (F 0 ′) and maximum fluorescence yield (F m ′) of irradiated leaves. By using fluorescence parameters determined on both light-and dark-adapted leaves, the following parameters were calculated: the maximum photochemical quantum yield of PSII, F v /F m = (F m -F 0 )/F m (Kitajima and Butler, 1975) , the effective photochemical quantum yield of PSII, Y(II)= (F m ′-F′)/F m ′ (Genty et al., 1989) , the coefficient photochemical fluorescence quenching, (van Kooten and Snel, 1990) , and apparent photosynthetic electron transport rate, ETR= Y(II)×PAR×0.84×0.5, where PAR represents the photosynthetically-active radiation generated by the internal halogen lamp of the instrument, transport of one electron requires absorption of two quanta, as two photosystems are involved (factor 0.5), and it is assumed that 84% of incident quanta are the absorption coefficient in the advanced plant (factor 0.84).
Statistical analysis
Microsoft Excel software was used for data processing, and GraphPad Prism 5.0 for mapping. One-way analysis of variance (ANOVA) among treatments or between cultivars was based on the least significant difference (LSD) test at the 0.05 probability level (P<0.05), analyzed by the statistical software package IBM SPSS 20.0 (IBM Corp., Armonk, NY, USA).
RESULTS
Growth and development
Tasseling (VT), ear emergence (EE) and silking (R1) were all delayed by low light intensity treatment in both SN98A and SN98B compared to the ambient sunlight control treatment (Table 2) . Low light intensity treatment, in comparison to ambient sunlight, increased the number of leaves and prolonged the ASI and duration of pollen shedding (DPS) for each cultivar. Compared with ambient sunlight treatment, the differences observed in growth and development of SN98A under low light intensity conditions were greater than those observed in SN98B (Table 2) . Compared to L, S delayed attainment of EE by 1 d, and R1 was reached 5 d later in S than L groups of SN98A. Meanwhile low light intensity delayed VT, EE and R1 by 1 d, 2 d and 1 d respectively in SN98B. Compared with L, S delayed the DPS by 3 d in SN98A, but before silking, the pollen had dissolved. There were 6 d for pollination under S and L in SN98B. The anthesis-silking interval (ASI) of SN98A was lengthened by 4 d compared to the ambient sunlight control treatment, while that was unchanged in SN98B. Compared with L, S caused the development of one additional corn leaf in both SN98A and SN98B. The percentage of barren stalk of SN98A under S was 82.2% higher than L, while the percentage of barren stalk of SN98B under S was only 18.9% higher than L. In addition, there was either no ear initiation or the development of dysplastic ears in SN98A under S (Fig. 1D , E, F), while ear development in SN98B under S was normal compared to L (Fig. 1B, C) . Consequently, there were significant differences (P<0.05) between the two maize NILs in yield (Table 2) . Under L, the yield of SN98B, at 3,710.09 kg/hm 2 , was 37.03% higher than that of SN98A, and under S there were no yield data for SN98A, because of the 100% barren stalk.
Silking and pollen-shedding characteristics
The dynamic processes of pollen shedding and silking were influenced by low light intensity treatment in both maize NILs (Fig. 2) , while the influence of low light intensity on SN98A was less than that on SN98B. Under conditions of ambient sunlight, pollen-shedding by SN98A was a little earlier than SN98B, and the DPS was short, lasting only 8 d ( Fig. 2A, Table 2 ), while in SN98B the DPS lasted 10 d, with pollen-shedding occurring throughout the 10-day period.
Low light intensity significantly suppressed the percentage of silking in the two maize NILs (Fig. 2B ), but caused a greater reduction in SN98A. The percentage of silking was reduced 42.2% under low light intensity treatment in SN98A at the end of silking, while the reduction was only 5.31% in SN98B. The percentage reduction in silking of SN98A was significantly greater than that of SN98B, indicating that the percentage of silking in SN98A was more sensitive to low light intensity than in SN98B. At the end of pollen-shedding (4 August), the percentage of silking in SN98A under low light intensity treatment was only about 30%, which seriously affected pollination. 
Chlorophyll content
Low light intensity stress, compared with ambient sunlight treatment, reduced the chlorophyll (Chl) content in the leaf by increasing the content of both Chl a and Chl b (Fig. 3A-F) . The content of Chl a and Chl b reduced initially and then increased under both low light intensity and ambient sunlight treatments. The carotenoid (Caro) content of the leaves showed a similar response pattern to that of Chl content in responding to low light intensity (Fig.3G, H) . The total Chl and Caro contents decreased in the leaves of plants grown under low light intensity by 10.0 and 8.97%, respectively, in SN98A, and by 6.29 and 4.28%, respectively, in SN98B, compared with ambient sunlight treatment. However, the response of Chl a/b levels to low light intensity were different in the two maize NILs (Fig. 3I, J) . The levels of Chl a/b decreased in the leaves of SN98A under low light intensity at 15 DAS, and in SN98B from 10 to 25 DAS.
P n and its correlative parameters
In both maize NILs, Pn and Gs of the leaf were significantly reduced under low light intensity, while there was no significant difference in the Ci of the leaf under low light intensity from 10 to 20 DAS except in SN98B at 15 DAS (Fig. 4) . Pn, Gs, and Ci decreased in the leaf under low light intensity by 36.0, 48.8, and 24.6%, respectively, in SN98A, and by 16.2, 29.6, and 25.7% in SN98B, compared with ambient sunlight treatment. At 25 DAS, Pn and Gs of the leaf under low light intensity were higher than under ambient sunlight in SN98A, but lower than ambient sunlight in SN98B. However, low light intensity showed the same effect on Ci of the leaf, which was lower than under ambient sunlight in the two maize NILs; showing a reduction of 18.9% in SN98A and 17.1% in SN98B.
Chlorophyll fluorescence of the two maize NILs
Low light intensity exerted different effects on chlorophyll fluorescence parameters of leaves from the two maize NILs (Fig. 5) . Leaf F v /F m increased under low light intensity in SN98B, while it decreased initially and then increased in SN98A, compared with ambient sunlight treatment. The Y(II) and ETR of the two maize NILs increased under low light intensity by 3.55 and 3.14% in SN98A, and by 12.7 and 13.5% in SN98B, compared with ambient sunlight treatment from 10 to 15 DAS. After 20 DAS, the Y(II) and ETR decreased by 18.2 and 17.2%, respectively, in SN98A, and by 16.9 and 16.7%, respectively, in SN98B (Fig. 5B , C) compared with ambient sunlight treatment. The qP under low light intensity was lower than that in ambient sunlight (except for 10 DAS of SN98B) in the two maize NILs.
To evaluate relationships between gas exchange parameters (Pn, Gs, Ci), Chl content and chlorophyll fluorescence parameters (F v /Fm, Y(II), ETR, qP) across the sampling dates, linear correlation matrices involving the parameters were calculated for each sampling date, using mean values of the parameters for the two maize NILs grown under both low light intensity and ambient sunlight treatment. Although the two maize NILs displayed some correlations among the photosynthetic parameters, the differences between tolerant and susceptible maize lines under low 
DISCUSSION
Effects of low light intensity on growth and development
The duration and intensity of light radiation are significant for production of stable, high yields of corn. Many studies have shown that low light intensity applied in the course of the reproductive stage of maize influenced grain yield more than when applied in the course of the vegetative growth period (Li et al., 2005) . Cui et al. (2015) showed that the vegetative and reproductive stages of corn were both delayed by low light intensity, and an imbalance between maize ear and tassel development was caused by low light intensity, leading to delayed silking relative to pollen shedding. Adverse environmental factors such as high temperature and chilling, waterlogging and drought, and weak light, could result in lengthening of the ASI (Grant et al., 1989; Zhou et al., 2013) . Barren stalk as a result of unfertilized ears due to ASI lengthening increased under extremely adverse conditions (Otegui, 1995; Zhong et al., 2014) . Our findings show that the pollen shedding date of tassels and the emergence of ears suffered significant delays, with maize ear development being influenced more than that of maize tassels, leading to lengthening of the ASI and resulting abortive fertilization in the course of the flowering stage in the two maize NILs. In addition, the effects were much greater in SN98A than in SN98B. Compared with ambient sunlight treatment, the percentage increase in barren stalk under S was 82.8% in SN98A, but only 18.9% in SN98B. In addition, the percentage of silking was only about 30% under low light intensity in SN98A. Consequently the yield superiority of shade-tolerant maize (SN98B) ( Table 2 ) was due to its capacity to sustain a lower percentage of barren stalk compared to susceptible maize (SN98A) under low light intensity, as the variation in barren stalk percentage was highly correlated with yield variation (O'Neill et al., 2006) . All of these findings indicated that SN98A was more sensitive to low solar radiation than SN98B.
Contrasting the impacts of low light intensity on Chl and photosynthetic characteristics of the two maize NILs
Light is a key factor which can affect plant photosynthesis; low light radiation results in limited plant growth, which is attributed to the decrease of the photosynthetic rate. Compared to ambient sunlight treatment, shading weakened the photosynthesis of single leaves, and reduced (Zhang et al., 2006) , while chlorophyll content and Chl a/b ratio were also decreased under shading (Griffin et al., 2004) . If the content of Chl a increased less than Chl b, the result was a higher Chl b/a ratio. This enhancement of Chl b would change the content of the photosynthetic pigments in light-harvesting complex II, and allow the plant leaves to capture sunlight more effectively, particularly the blue light parts in the visible spectrum (Zhang et al., 1995; Hikosaka, 1996) . In our study, low light intensity reduced the photosynthetic pigment content (Fig. 3A-H) , probably due to the thinner leaves of the affected maize plants which generate fewer mesophyll cells per unit leaf area in low light intensity. In addition, there were differences in the reductions of photosynthetic pigment content between SN98A and SN98B. The change in Chl b occurred more quickly than that in Chl a, generating an increased Chl b/a ratio in SN98B from 10 to 25 DAS and in SN98A at 15 DAS (Fig. 3I, J) . Collectively, these results indicated that the two maize NILs might need different amounts of time (based on the maize varietal characteristic) to accommodate to low light intensity stress by redistributing photosynthetic pigment compositions in the maize leaves, and an increase in the Chl b/a ratio might be a viable approach to reducing low light intensity injury. The findings also suggested that SN98B has greater flexibility in responding to light intensity stress.
Low light intensity treatment resulted in decreases in the photosynthetic rate, stomatal conductance, and intercellular CO 2 in the two maize NILs. Meanwhile the dynamic pattern of Pn and Gs was different from that of Ci in both SN98A and SN98B under low light intensity and ambient sunlight from 10 to 25 DAS ( Fig. 4A-F) .
Ci is an index used to determine the reason for the low net photosynthetic rate. If net photosynthetic rate (Pn) and intercellular CO 2 concentration (Ci) are both low, the low Pn is attributed to the stomatal limitation; if Pn declines with the increase of Ci, the decline of Pn is mainly attributed to the non-stomatal limitation (Farquhar and Sharkey, 1982) . Stomatal limitation is usually deemed to be the short-term characteristic response to various stresses, while the non-stomatal effect is often supposed to be more pronounced under longer and more serious environmental stress. However, many studies have indicated the decline of photosynthesis in the short term cannot be the exclusive cause of stomatal limitation (Ramanjulu et al., 1998; Yordanov et al., 2000) . In our results, trends in the effects of ambient sunlighton Pn and Gs in SN98A and SN98B were observed along with similar tendencies in Ci (Fig. 4 A-F) . These results showed that for the two maize NILs, stomatal conductance is the main limiting factor that restricts maize assimilation under ambient sunlight. However, under low light intensity, for SN98A, the tendencies in Pn and Gs differed from the tendencies in Ci. These changes were especially evident when reductions in Pn and Gs, along with a relatively high Ci value at 20 DAS, indicated that reduced CO 2 availability at the mesophyll cells due to stomatal closure was not the dominant reason for reduced assimilation at 20 DAS. In addition, for SN98A, pronounced declines in Pn and Gs were revealed under low light intensity, whereas Ci showed a slight reduction compared to ambient sunlight treatment, implying a low carboxylation efficiency. This would signify that under low light intensity stress, nonstomatal limitations prevailed for SN98A. Ramanjulu et al. (1998) showed that the severity and duration of stress and the ability of a plant species or genotype to withstand that stress determined the significance of stomatal limitation as opposed to non-stomatal limitation. Taken together, these results therefore suggested that stomatal and nonstomatal limitations each played important roles for the two maize NILs under different levels of radiation, and that photosynthetic parameters more likely exhibited greater changes in SN98A than in SN98B under low light intensity stress, rendering SN98A more sensitive to low light intensity than SN98B.
Different responses to low light intensity in chlorophyll fluorescence of the two maize NILs
Chlorophyll fluorescence can reflect an ability to endure the stresses of environmental changes and the degree to which those stress events injure the photosynthetic organs or tissues of a plant; therefore, fluorescence parameters are a feasible tool for diagnosis of stress-induced changes in PSII, and they are regarded as a crucial marker of the response of photosynthesis to environmental stress (Naumann et al., 2008; Zribi et al., 2009 ). Due to the sensitivity, convenience, and nonintrusive characteristics of chlorophyll fluorescence, it correctly reflects the changes of photosynthesis in a low light environment (Dai et al., 2009 ). Compared to ambient sunlight treatment, both Y(II) and ETR were obviously raised under shade conditions, while F v /F m and NPQ showed no significant differences between ambient sunlight and shading treatment (Li et al., 2010) . Wang et al.(2015) declared that shade treatment greatly increased the F v /F m and reduced the ETR, which may be attributed to the decrease in excitation capture efficiency. The Y(II), qP and NPQ values showed significant differences resulting from the use of different cultivars (Wang et al., 2015) . In our present experiment, the dynamic change in chlorophyll fluorescence characteristics showed a close correlation with the different cultivars of the two maize NILs. An obvious increase in F v /F m of SN98B was observed (Fig. 5A) , as well as decreases in Y(II) and ETR in both maize NILs from 20to 25 DAS (Fig. 5B, C) . These might be attributed to the decrease in efficiency of excitation capture under low light intensity.
The qP represents the proportion of open photosystem II reaction centers (Maxwell and Johnson, 2000) . A high value of qP is beneficial for electric charge separation in the light reaction center, and to the electron transport and yield of PSII (Mao et al., 2007) . In our study, the differences in qP values indicated that SN98A and SN98B had differences in electron transport activities in PSII under low light intensity. At 10 DAS, the value of qP in SN98B was higher than under ambient sunlight, while in SN98A it was lower than under ambient sunlight from 10 to 25 DAS. The results also illustrated that the responses of chlorophyll fluorescence parameters to low light intensity were different in the two maize NILs, and SN98B had greater adaptability to low light intensity than SN98A. This suggests that low light intensity might contribute to more effective capture and use of light in SN98B via a self-compensation process. These findings were consistent with the findings of our previous research.
O 'Neill et al. (2006) indicated that chlorophyll fluorescence measurements could be utilized to distinguish maize photosynthetic responses to different levels of water and to differentiate between stress-tolerant and susceptible maize strains. Chlorophyll fluorescence techniques could be used as a more practical method of indirectly measuring the photosynthetic rates of plant leaves, rather than gas exchange techniques (Earl and Tollenaar, 1999; Adams et al., 2000; Earl and Davis, 2003) . In our study (Table 3) , Pn and chlorophyll content were significantly (P<0.05) positively correlated with Y(II), ETR and qP, indicating that measurements of chlorophyll fluorescence could serve to differentiate tolerant maize strains from those susceptible to low light intensity. Thus, we hypothesized that strains of maize tolerant of low light intensity would maintain higher photosynthetic rates vs. susceptible strains, and photosynthetic assessments may offer an efficient method of identifying low light intensity stress-tolerant germplasm.
CONCLUSIONS
Low light intensity affected the growth, leaf photosynthesis, and chlorophyll fluorescence of the two maize NILs tested (SN98A and SN98B). Low light intensity decreased the content of Chl a, Chl b, and total Chl, as well as Chl a/b ratio, while low light intensity reduced Pn in the two maize NILs, which mainly led to inhibition of assimilated substance accumulationin leaves, resulting in barren stalk development in SN98A. In SN98B, F v /F m and qP were increased at 10 DAS under low light intensity. This could result in a smaller reduction in ear development than SN98A. Therefore, improvements in light-harvesting and light-use capability and increasing ear filling under low light intensity stress might be important characteristics for plant breeders. High leaf F v /F m and qP values can be selected as indicators of shade tolerance when screening for maize strains tolerant of low light intensity, although we did not find correlations between F v /F m and Pn, Gs, Ci and Chl content. Selection of SN98B as a shade-tolerant germplasm would avoid the problem of barren stalk development when light intensity was low. These will be a valuable resource for maize breeders to improve maize production and the resistance of current cultivars under continuous rainy weather and scant-sunlight days.
